Individuals of most insect species follow a relatively inflexible tempo of immature development and adult emergence that includes a single period of diapause in one generation per year at a specific stage in the life cycle. A few species depart from this pattern in that a small proportion of individuals of an age cohort require an additional year or more to complete development to the adult stage (Waldbauer 1978 , Beck 1980 . Among bees, for example, there are brief reports of delayed emergence for several species (Davidson 1896 , MacSwain 1958 , Krombein 1967 , Torchio 1975 , Parker 1980 , Rust 1980 but none of these studies provides quantitative evidence to demonstrate that delayed emergence is an integral part of the life cycle.
In this study we supply quantitative evidence to document patterns of delayed emergence in three species of megachilid bees (Osmia montana Cresson, O. californica Cresson, O. iridis Cockerell and Titus). Individuals of these species complete development in either one or two years, i.e., the emergence pattern of each age cohort is bimodal. Waldbauer (1978) used the term "type c" to describe bimodal ahd polymodal emergence patterns in which the peaks of emergence of an age cohort occur in different years. Here we introduce the more descriptive term, "parsivoltine", to refer to this phenomenon. "Parsi" is adapted from the Latin pars for part or partial; -voltine, from the Italian volta for time or cycle is used in its usual entomological sense, as generations (cycles) per year.
Our study addresses the following questions: 1) Does the proportion of one-and two-year individuals in a cohort differ between the two years of study and/or between the two sampling sites? 2) Is there an association between sex and time required to complete development? 3)How are one-and two-year forms distributed Psyche [Vol. 89 between and within individual nests? 4) Are inter-individual differences in the time required to complete development due to environmental factors or to a genetic polymorphism, or both?
The three Osmia species are restricted to the western U.S. where they are sympatric and at least partially synchronic (late springearly summer). Each nests gregariously in pre-existing holes, usually in wood. The biologies of O. montana and O. caliJ'ornica are summarized by Rust (1974) ; the biology of O. iridis is currently under study (Torchio, unpub. 
METHODS
Nests of these Osmia species were obtained from trap blocks placed at two field locations (Torchio 1976) . Trap blocks of sugar pine contained 49 drilled holes to accommodate paper soda straws measuring 14.5 cm long and 7 mm inside diameter. One hundred nest blocks were placed at each of two study sites during both study years 1979-1980 There were differences between sites and years in the proportion of offspring that were one-year forms (Fig. la) . At Faust a significantly higher proportion of one-year forms was produced in 1979 Psyche [Vol. 89 than in 1980 (X 19 .1, P < 0.001) whereas at Mendon a significantly higher proportion of one-year cells were produced in 1980 than in 1979 (X 6.3, P < 0.025). However, the Faust site yielded a significantly greater proportion of one-year cells than did Mendon during both years (1979, X 214.1, P , 0.001; 1980, X 47.4 , P < 0.00).
An association between sex and the number of years required to complete development was found (Table l) . For all site-years, there were significantly more males than females among one-year forms, and fewer than expected males among two-year forms (Faust 1979, X: 9.8, P < 0.005; 1980, X: 22.6, P 0.001; Mendon 1979, X 13.9, P < 0.001; 1980 X: 8.8, P < 0.005). Thus the sex ratio (/) of one-year forms was always higher than that of two-year forms.
However, the sex ratio of one-or two-year forms (taken separately) was not always the same from year to year or from site to site. At Faust the proportion of both one-and two-year males decreased in 1980 (Table l; one-year forms, X: 7.4, P < 0.01; two-year forms, X: l.9, P < 0.01) and, as a consequence, the combined sex ratio of offspring declined significantly from 1.3 (1979) to 0.96 (1980) (X: 21.4, P < 0.001). Conversely, no such changes occurred at Mendon (P > 0.75 all comparisons).
The incidence of one-and two-year forms appears to be controlled by a genetic polymorphism rather than by the action of environmental variables upon individual offspring. If environmental cues such as photoperiod, thermoperiod, oxygen levels, etc. act either indirectly on the mother or directly on the progeny to determine the developmental fate of offspring, then a consistent pattern of distribution of one-and two-year forms in mixed nests (those containing both one-and two-year forms) should be evident. To examine this possibility we classified mixed nests as follows: l) oneyear forms in inner cells; two-year forms in outer cells; 2) a reversal of l; 3) a double switch, i.e., nests having one-year forms positioned as bottom and top cells with a two-year for.m between; or, two-year forms sandwiching a one-year form. Only mixed nests that could be categorized with surety were counted; thus, nest totals in Table 2 are fewer than totals listed in Table because For example, in a study of marked O. lignaria only 5 of 111 nests (same type as used here) made in a greenhouse contained offspring produced by more than one female (Tepedino and Torchio 1982b ).
Distribution of one-and two-year forms in mixed nests is summarized in Table 2 . Nests with double switches were more numerous than those in the other two categories combined in all site years; transitions from two-year forms in inner cells to one-year forms in outer cells were about twice as common as the reverse situation. Thus, factors such as photo-and thermoperiods, which act on the maternal genotype to induce diapause in the offspring of other species of Hymenoptera (Parker and Tepedino 1982) , do not seem to influence the determination of one-or two-year forms in O.
montana.
The interspersion of one-and two-year forms in mixed nests creates the potential for fratricide. Observations of trap-nests both in field and laboratory demonstrated that one-year forms destroy any two-year larval siblings positioned above them in the nest when they emerge (Torchio, unpub.) . We therefore examined the data for mixed nests to determine the number of surviving and "doomed" two-year offspring by sex. The category doomed was assigned to any two-year form with a one-year form between it and the inner limit of the nest. All two-year forms without one-year forms positioned below them were classified as surviving. Our estimates of the percent doomed two-year offspring should be regarded with cau-tion. Although all three species nest in pre-existing holes in dead wood, in natural situations it may sometimes be possible for emergent one-year adults to gain egress without destroying their twoyear siblings. For example, if the nest is in a rotting log emergent forms may be able to chew around nestmates. Thus, the estimates given here should be regarded as maximums.
The results of these comparisons (Table 3) (Krombein 1967) . Thus, the probability that a two-year male larva will be destroyed by an emerging sibling adult is greater than for a two-year female. O. montana, the proportion of one-year forms produced at Faust was significantly higher than that produced at Mendon during both years (1979, X 92.5, P , 0.001; 1980, X 5.7, P < 0.025).
As with O. montana, there was an association between sex and number of years to complete development (Table 4) . For all siteyears (except Faust 1979 for which insufficient numbers of two-year forms were available for statistical tests) there was a higher proportion of males among one-year forms than among two-year forms when cells from mixed nests only were considered (Faust 1980, X 4.3, P < 0.05; Mendon 1979, X 20.2, P < 0.001; 1980, X 10.2, P < 0.005). When all cells were considered, the sex ratio of one-year forms was always higher than that of two-year forms; but only one of three comparisons was significant (Faust 1980, X 2.4, P > 0.10; Mendon 1979, X 11.8, P > 0.001; 1980, X 2.0, P > 0.10).
Between-year differences in the proportion of males and females among one-and two-year forms at each site were less evident than for O. montana (Table 4) . At Mendon the combined sex ratio of offspring declined significantly from 4.2 (1979) to 1.8 (1980) (X 30.0, P, 0.001) but no such change was evident at Faust (X 0.0, P > 0.90). The decline in the sex ratio at Mendon was due to a significantly greater proportion of female progeny produced in 1980 for both one-year (X 15.5, P < 0.001) and two-year forms (X 7.5, P > 0.01). These results are the reverse of those found for O. As with O. montana, a substantial proportion of two-year forms were "doomed" (range 37.0-56.5%, Table 3 ) because cells containing one-year forms were often constructed lower in the nest. The Psyche [Vol. 89 proportion of "doomed" two-year females was also significantly lower than for that of two-year males (Faust 1980, X 53.2, P < 0.001; Mendon 1979, X 9.8, P < 0.005; 1980 X 30.5, P < 0.00).
Osmia iridis
Trap-nests were utilized by O. iridis only in 1979 (Table 5 ). Of the 83 nests recovered, 54 contained one-year forms exclusively; four nests contained two-year forms; and the remaining 25 nests were mixed. Although relatively few two-year individuals were produced (13.1%), the proportion of two-year females recovered was greater than that of one-year females (mixed. nests, X 16.1, P < 0.001, total nests, X 9.0, P < 0.005, both sites combined).
Unlike other Osmia species studied, the predominant transition category of O. iridts in mixed nests was from the two-year form (inner cells) to the one-year form (outer cells) 16 of 25 nests). There were relatively few nests with either double switches (5) or with transitions from one-year (inner) to two-year (outer) forms (4).
The tabulation of "doomed" individuals in mixed nests demonstrated that two-year males were at greater risk than two-year females (X 6.0, P < 0.025).
Expected and observed sex ratio:
We calculated the expected equilibrium sex ratio (/) for each species on the basis of male and female live weights (Table 6) as described previously for O. lignaria propinqua (Torchio and Tepedino 1980) . Two interesting points emerged from this analysis. First, for each species, the expected sex ratio was the same regardless of whether larval or adult weights were used. Second, the expected sex ratios of these three species were very similar to each other and to 0.1 propinqua (Torchio and Tepedino 1980) . Apparently the optimal size ratio between females and males is the same for many Osmia species that nest in similar substrates.
When the expected and observed sex ratios were compared, con- (Fig. 1 ).
DISCUSSION
The data presented above are noteworthy for several reasons. First, these three species provide the best documented examples of parsivoltine emergence patterns in bees. Indeed, among Hymenoptera, detailed examples of parsivoltinism are available only for diprionid sawflies (Prebble 1941 , Griffiths 1959 , Sullivan and Wallace 1967 , Wallace and Sullivan 1974 (Torchio 1975) , Osmia marginipennis Cresson (Parker 1980) , and Hoplitis biscutellae (Cockerell) (Rust 1980) ).
A second point of interest is that two-year forms of all three species undergo two periods of diapause (once as post-defacating larvae during the first winter, and again as adults over the second winter) whereas one-year forms diapause only as adults. For most other insect species, diapause is stage specific and occurs only once in the life cycle (Beck 1980) ; there are a few reports of nonhymenopterous insect species that enter diapause in more than one stage (e.g., Harvey 1967, Lounibos and Bradshaw 1975) . The physiological mechanisms which enable species to undergo two discrete periods of diapause are unknown (Chippendale 1977 , Waldbauer 1978 .
A third unusual result of this study is the relatively large proportion of individuals in each age cohort which were two-year forms (Fig. 1) (Powell 1974 , Waldbauer 1978 , Shapiro 1979 , Tauber and Tauber 1981 . A potential explanation for the high proportion of two-year forms among these species has been provided by Cohen (1966 Cohen ( , 1968 . In his treatment of optimal reproductive strategies, Cohen noted that when weather and/or resources exhibit large year to year fluctuations and, as a result, the year to year variance in reproductive success is also large, it would be adaptive for organisms to produce offspring types that differed in the time required to reach maturity. By this means, the effects of years unfavorable to reproduction would not fall upon all members of an age cohort (See also Powell 1974 , Hedrick et al. 1976 , Waldbauer 1978 , Shapiro 1979 , Real 1980 , Tauber and Tauber 1981 . Cohen (1966 Cohen ( , 1968 also hypothesized that variance in reproductive success should be positively associated with the proportion of offspring that require an extra year (or more) to complete development; and that, as the viability of two-year forms decreased relative to one-year forms, the proportion of two-year forms in the population should also decrease. Thus, Cohen's theoretical results suggest that the high proportion of two-year forms in these Osnlia species may be due to Psyche [Vol. 89 substantial temporal heterogeneity in the environment and that viability of two-year forms is about the same as that of one-year forms.
In addition, the data suggest that there may be differences among these species in the way a heterogeneous environment is experienced. The percentage of two-year forms appears to be higher for O. montana and O. caliJbrnica than for O. iridis (Fig. 1) , and this suggests that variance in reproductive success is lower for O. iridis than for the other species.
Although there are no data available to directly address these predictions, trap-nesting returns from northern Utah over the past 10 years (Torchio, unpub.) Cohen's (1966 Cohen's ( , 1968 predictions.
Another characteristic expressed by these and other species that does not seem to conform to Cohen's (1966 Cohen's ( , 1968 predictions is the relative viability of one-and two-year forms. For example, Sullivan and Wallace (1967) reported that mortality increased and fecundity decreased with prolonged diapause in the sawfly, Neodiprion sertiler (Geoff.). Although we were unable to compare the mortality rate of one-and two-year forms because it was impossible to assign immature deaths in the first year to either category, it seems clear that mortality of two-year forms must be higher than that for oneyear forms because some of the former will be destroyed when the latter exit the nests in the first year (Table 3) . Thus Cohen's requirement that viability of one-and two-year forms be equal seems not to be satisfied. In this regard, the advantage of producing a greater proportion of two-year females than two-year males may simply be a mechanism to reduce mortality levels of two-year forms because females almost always occur in the inner cells of the nest where mortality due to emergence of one-year forms is minimal. Thus some degree of linkage between sex and developmental time in such a system would be selected for. Without linkage, siblingeffected mortality on two-year forms would be even higher.
Despite the apparent lack of agreement between the data and the predictions of Cohen (1966 Cohen ( , 1968 , the between year variation in proportion of one-and two-year forms within sites for each species (Fig. 1) suggests that the relative fitness of these forms is determined by environmental conditions. What these conditions are and how they interact with the genotypes to maintain a balanced polymorphism (if indeed it is balanced) remains to be studied.
An interesting ramification of varying selective pressures upon one-and two-year forms is the indirect effect upon the sex ratio of the population. Elsewhere, we (Tepedino and Torchio 1982a) have suggested that data from a long-term field study of O. lignaria propinqua Cresson (a univoltine species) supports Fisher's (1958) theory of an equilibrium sex ratio. In the three species studied here, however, it appears that any approach toward equilibrium sex ratio values is dependent upon constraints imposed by selection for parsivoltinism. For example, since there is an association between the two-year form and the female sex, an increase in the relative fitness of two-year forms in any year could divert the population away from equilibrium and towards a female bias in subsequent years.
The potential for such diversion should depend on the genetic system responsible for the polymorphism. However, the absence of any consistent tendency for population sex ratios of these species to move towards equilibrium (Fig. 1) suggests that this may be a real phenomenon.
SUMMARY
Offspring from nests constructed in wooden domiciles by three non-social species of Osmia bees at two sites in northern Utah displayed differences in the time required to complete development to the adult stage. Some members of each age cohort emerged in the following year, but a substantial proportion required two years to complete development. We propose the term "parsivoltine" to describe such emergence patterns.
There were differences in the proportion of one-year forms, both between years, within sites and between sites, within years for each species. The factors influencing these changes are unclear at present. The distribution of one-year and two-year individuals within nests suggests that environmental factors alone do not act on either the female parent or on her offspring to determine the developmental fate of the offspring. Many nests contained both one-and two-year Psyche [Vol. 89 forms in unpatterned linear arrangements. All three species appear to be genetically polymorphic for the time necessary to complete development.
There was an association between sex and time required to complete development. Two-year forms were more frequently female than male and one-year forms were more frequently male than female. Female offspring are also typically placed in the innermost cells of the nest. In these linear nests, if a two-year form occurs between the nest exit and a one-year form, then the latter will frequently destroy the former to gain egress from the nest. Thus, this association between sex and developmental time may act to lower sib caused mortality. In addition, the association between sex and developmental time may constrain an approach to the equilibrium sex ratio because of selection for a particular developmental form.
Although spatiotemporal heterogeneity of weather and/or resources has frequently been offered as an explanation for such developmental polymorphisms, it is by no means clear that this is the case for these species of Osmia. The high proportion of two-year forms, and the differences between developmental forms in mortality, and perhaps fecundity as well, do not fit the profile which is typically offered for parsivoltine species.
